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of teaching neuroscience to medical students for over 13 and 30 years, respectively, we have identified two areas that are particularly difficult for students to master. The first area is the geometric anatomy of central nervous system (CNS) structures: their anatomic location and their relationships to each other. The second area is that of time-varying phenomena in neurophysiology;
examples include ion fluxes, spike propagation, and biochemical cascades. In general, content material dealing with structure and relationships within and across space and time is difficult for the teacher to present and difficult for the student to grasp. Our past approach to these areas has been the traditional one: lectures (with ample use of slides, overhead projection transparencies, and blackboard illustrations), repetition, and, in the case of neuroanatomy, dissection of the human brain. Our frustrations have centered around the considerable class time we have devoted to these topics (at the expense of other areas), and the observation that some students have a difficult time internalizing and retaining these concepts, regardless of our efforts.
Our approach to this problem has been to create a series of teaching courseware that makes extensive use of computer graphics. Our hypothesis is that space-and time-varying material can be more effectively communicated by visual images that dynamically convey the spatial and temporal dimensionality of brain structure and function. Furthermore, today's students are comfortable with the presentation of information through visual images, having been reared on commercial television. We wanted courseware that could be used to make classroom presentation more effective and could also be used by students sitting (individually or in small groups) in front of an interactive computer. Finally, we wanted courseware that could be ultimately integrated into a self-contained teaching unit on neurobiology to be used as a supplement to lectures, in essence an electronic textbook. We wish to emphasize that our efforts are intended to enhance teaching and to provide the instructor with more, and better, instructional tools, not to replace the teacher or the textbook.
IMPLEMENTATION
We chose computer-generated images because they alone offer both the possibility of easy upgrading and modification (not possible with videodiscs) and student interaction (not possible with videotape). Such a solution would not have been possible only a few years ago, but given the choice of inexpensive graphics computers, coupled with powerful software for these machines, it is quite feasible today. We next faced the choice of which computers to use for this project. Because we wanted to create courseware that can actually be used in our school and others (as opposed to a demonstration project), we were primarily concerned with selecting inexpensive and widely available machines, preferably those already on hand. Based on graphics capabilities, software availability, and price, we evaluated three different kinds of machine: IBM-clone, Macintosh, and Amiga computers. Although they were otherwise suitable, we eliminated Amiga computers for their lack of an installed base in medical schools and colleges. We chose IBM-compatible computers over the Macintosh primarily on the basis of two powerful graphics programs that were available when we began the project: IBM's Audio-Visual Connection (AVC; for anatomy, running under OS-2) and Autodesk's Animator (now Animator Pro; for physiology, running under MS-DOS). Both programs can be used to create graphics courseware that can be run on widely available computers. Both can be employed in the classroom and for individual student use. The essential hardware requirements for individual student use are a color video graphics array (VGA) monitor, hard disk, and mouse, and 4-6 megabytes (MB) of random-access memory (RAM) (Animator can be run with only 640 kB RAM but is optimized with 4-6 MB RAM; AVC requires 4-6 MB RAM). Although 8088-and 80286-based computers can be used, better performance is obtained with a 80386 machine (SX or DX). For classroom use, we initially videotaped the computer graphics (using a TrueVision TARGA VGA-to-National Television Standards Committee television adaptor board). While this gives satisfactory results, directly outputting the computer images to the television monitors (eliminating the videotape) results in images of higher resolution and better color (the same adaptor board is used).
COURSEWARE Neuroanatorny
Part I: atlas. We have created anatomic courseware that illustrates the relationships between brain structures and provides the student with information regarding the afferent and efferent connections of each labeled structure. The main menu (Fig. 1) allows the student to select which area of the CNS to study: spinal cord, hindbrain, midbrain, or forebrain (see Table 1 ). The area menus then display a series of sections from each area (Fig. 2 shows the hindbrain menu). The images for spinal cord, hindbrain, and midbrain were digitized from transverse, Weil-stained sections of human material. Forebrain sections are displayed in horizontal, sagittal, and coronal planes. When the student selects a section for study, it moves out of the array and enlarges to occupy most of the screen (Fig. 3 ). The precise level and plane of section are displayed in a small inset in a corner of the screen. Structures of interest on each section are numbered. The name of the structure will be displayed when the student clicks the mouse on its number. Information about its connections (afferents and efferents for nuclei, origin and termination for tracts) can then be called up if desired (Fig.  4) . This format (numbered labels for structures and con- Table 1 . Neuroanatomy courseware nections) allows for continuous self-testing because accessing the name of a structure and its connections each requires a separate act on the part of the viewer. More formalized quizzes are also available, if a student or instructor wishes to have a record of quiz scores over a period of time. Part I is already completed.
Part II: functional systems. This section uses a functional systems approach and is designed specifically for use with part I (atlas) and with a supplementary written text. Thus, when a given sensory modality such as light touch, vibratory/two-point discrimination/position sense (dorsal column-medial lemniscal system) is discussed in the written text, specific reference is made to that pathway sion in the computer text, which provides a three-dimen-,a1 display of prin .cipal structures in its trajectory from receptors to termination(s) (Fig. 5) . Each segment of the trajectory (spinal cord, hindbrain, midbrain, forebrain) in part II of the computer text is cross-referenced to its corresponding segment in the atlas for more detailed views of relevant nuclei and tracts in relation to other structures.
Part III: clinical correlations. This section includes case study descriptions of various neurological problems. In addition, digitized images of televised patient examinations are used to demonstrate the pathophysiology of several major neurological disorders. These will include interactive questions with specific cross-references to material covered in parts I and II.
Neurophysiology
Neurophysiological courseware emphasizes time-varying phenomena. Sixteen topic areas are covered, ranging from such elementary topics as diffusion and charge separation to the more dynamic actions of the second-messenger cascade and cerebellar circuitry (see Table 2 ). An example of the use of animated computer graphics in conveying relatively simple information can be found in the courseware section, Membrane (Fig. 6 ). The concepts of integral membrane proteins and their functions leading to charge separation and potential generation are covered. The courseware begins by depicting the protein constituents of the neuronal membrane. The proteins are then assembl ion channels .ed in into ion channel membranes are .s, and exami the properties of .ned. Simulations of three experiments are provided to convey the concept of the semipermeable membrane. In each experiment the membrane separates two fluid-filled compartments, one compartment-of which receives sodium chloride. The first experiment depicts an impermeable membrane: the salts cannot diffuse across the membrane and no charge separation is developed, but water flows into the sodium chloride compartment.
The next experiment inserts a permeable membrane between the compartments (both ions diffuse, no charge separation, no osmosis). The final experiment inserts a semipermeable membrane. A voltmeter depicts the charge generated because of the selective flow of ions. The concept of an equilibrium introduced.
between electrical and chemical forces is
An example of the use of computer animation in a more difficult area of neurophysiology can be found in the courseware section, Synaptic transmission (see Fig. 7 ). The arriving action potential triggers voltagedependent calcium channels and calcium flows into the terminal. This triggers vesicle mobilization and transmitmembrane potential (an excitatory postsynaptic potenter exocytosis (all of which are shown in animation), tial). Ions are shown flowing through channels, and followed by receptor binding and postsynaptic channel voltages generated are shown by changes in color in activation, resulting in an altered postsynaptic transthe terminal and spine and by simulated intracellular Table 2 ). B: functions of permeable, impermeable, and semipermeable membranes on ion flow, charge separation, and water movement (from Membrane). C: Na+ and K+ currents responsible for the action potential (from Action potential). ATPase, adenosinetriphosphatase.
recordings. To illustrate two different means of altering postsynaptic conductances, the synapse is split in two, with one portion depicting a ligand-gated channel and the other portion depicting a G-protein-secondmessenger-mediated conductance change. The animation stresses the different mechanisms and effects (the time courses differ) that result from the activation of these different postsynaptic effector systems.
Another example of a neurophysiological animation is in the courseware section, Cerebellum (see Fig. 7 ). Here the cerebellar circuitry is built up and set into motion. The student observes the interactions between granule cell firing, parallel fiber volleys, Purkinje cell activation, and the roles of several inhibitory cells. The emphasis is on the dynamic nature of the circuit. Axonal conduction and synaptic effects are depicted by color. Other examples of the use of computer animation can be found in 1) the graphic depiction of activation of the constituent molecules of the adrenergic second-messenger cascade resulting in the reduction of a potassium flux via protein kinase A activation (see Fig. 8 ), 2) the shearing motion of the auditory hair cells against the basilar membrane in sound transduction, and 3) the physiology of on-center retinal ganglion cells (see Fig. 9 ).
For individual student use, the neurophysiology courseware contains a didactic segment followed by an interactive self-test with remediation loops. If the student enters the correct response, he or she progresses; if not, the program returns the student to the relevant section of the courseware. For classroom use, the didactic courseware is used alone (for examples, see Figs. 6-9). We have found the courseware most effective when first used to introduce the lecture topic (the instructor narrates the text as it appears on the screen), followed by a lecture that expands on the information in the courseware. We close the lecture session by repeating the courseware, this time with music in place of the narration, a whimsical touch students seem to appreciate. This approach follows the
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# Ligand-gated receptor{channels C e + + i PKA then GDP MP a phosphorylates r a potassium P E ion channel, 0 old practice of "tell them what you are going to tell them, tell them, and tell them what you told them." We have learned that presenting neurophysiology in ' this manner (even redundantly as noted) requires less time (9 vs. 12 h) than in past years using traditional teaching approaches. The time savings result from the greater efficiency of presenting time-varying material using computer animation.
The time thus made available can be used for other purposes (additional topics, class discussion, small group sessions, problem-based exercises), an important advantage in a constrained curriculum. The courseware (including the interactive portions) is available on a limited number of library computers for student use on an individual or small group basis. s44 COMPUTER-ASSISTED NEUROSCIENCE TEACHING COURSEWARE EXPERIENCE All of this would be wasted if these approaches accepted by students, or if mastery * and retent were not lion were not improved. Based on one year's experience with this courseware, we can report enthusiastic student reception. Based on end-of-course written eva .luations from a medical and graduate student class of 120, students report that they prefer computer-assisted instruction over traditional methods because it helps them grasp concepts more quickly with less effort. The use of computer-based instruction resulted in a better ma .stery of the material when we compared this year's test scores with those of previous classes. Students scored higher (from a previous 3-yr average of 73.5% correct to 80.1% correct) than in years past (the final exam format, content, and many specific questions were unaltered from previous years) on questions relating to material taught using computer-assisted instruction. At this point, however, we cannot be sure that the increased student performance is due to our use of computer-assisted courseware or a better class, more enthusiastic instructors, or the novelty of a new effort.
Based on use this cou this pos itive experience 1, we will continue to rseware in our medical and graduate neuroscience course. To maximize the utility of the Graphic Brain, we will make the neuroanatomy and neurophysiology sections available as independent, stand-alone units, followed later by the integrated electronic text. We anticipate three applications of the Graphic Brain. The first application is the interactive use of the Graphic Brain neuroanatomy courseware. Best suited to individual and/or small group instruction, the neuroanatomy cou rseware will be primarily used outside of the classroom, although we will use it in the classroom to illustrate specific points. The second application is the classroom and interactive use of the Graphic Brain neurophysiology courseware. We have prepared two versions of the neurophysiology software, The classroom, or didactic, version is intended for use by the instructor to introduce and review lecture material in the classroom, as noted above. The interactive version adds subject mastery questions and problems, along with loops to relevant secti .ons of the courseware for more information. This version will be used outside of the classroom by individual students or small groups. Third, we will continue working toward our goal of an integrated electronic neu roscience textbook. This will involve integra ting the two applications into a single interactive course intended for individual and/or small group use. Topics will be introduced with reference to their structural basis, with functional aspects inserted where appropriate. A student scoring capability will be incorporated into this version of the Graphic Brain.
Because computer graphics files can be quite large, we anticipate that optical storage devices or data compression schemes will be the most practical means of storing these applications (we currently require -50 MB for the anatomy courseware and -30 MB for neurophysiology).
Because suitable computers are becomi .ng more commonplace among students, we are experiencing an increasing interest in the availability of this courseware for personal home use.
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The two major topics addressed in this text have been written as separate, but related, parts by T. J. Voneida (neuroanatomy) and T. J. Teyler (neurophysiology). The parts are meant to stand either as separate units or as a single, integrated text.
The Graphic Brain neuroanatomy and neurophysiology courseware is being made available separately for purchase; contact the authors for details.
